Background: The etiology of prenatal-onset short stature with postnatal persistence is heterogeneous. Submicroscopic chromosomal imbalances, known as copy number variants (CNVs), may play a role in growth disorders. Objective: To analyze the CNVs present in a group of patients born small for gestational age (SGA) without a known cause. Patients and methods: A total of 51 patients with prenatal and postnatal growth retardation associated with dysmorphic features and/or developmental delay, but without criteria for the diagnosis of known syndromes, were selected. Array-based comparative genomic hybridization was performed using DNA obtained from all patients. The pathogenicity of CNVs was assessed by considering the following criteria: inheritance; gene content; overlap with genomic coordinates for a known genomic imbalance syndrome; and overlap with CNVs previously identified in other patients with prenatal-onset short stature. Results: In 17 of the 51 patients, 18 CNVs were identified. None of these imbalances has been reported in healthy individuals. Nine CNVs, found in eight patients (16%), were categorized as pathogenic or probably pathogenic. Deletions found in three patients overlapped with known microdeletion syndromes (4q, 10q26, and 22q11.2). These imbalances are de novo, gene rich and affect several candidate genes or genomic regions that may be involved in the mechanisms of growth regulation. Conclusion: Pathogenic CNVs in the selected patients born SGA were common (at least 16%), showing that rare CNVs are probably among the genetic causes of short stature in SGA patients and revealing genomic regions possibly implicated in this condition.
Introduction
Children born small for gestational age (SGA) are defined as those with birth weight and/or birth length at least 2 S.D. below the population mean for gestational age (1) . The causes of prenatal growth impairment are often unclear and involve maternal, placental, and/or fetal factors (1) . Fetal factors include several genetic causes commonly characterized by persistent short stature, dysmorphic features, and developmental disorders (2) . These genetic syndromes of prenatal-onset growth impairment often encompass complex clinical disorders of difficult diagnosis (3) .
Array-based genomic copy number analysis has recently become a research tool and a clinical genetic test in the diagnostic work-up of several clinical settings (4) . One of the most used genomic copy number analysis types is array-based comparative genomic hybridization (aCGH), a technique used for genome-wide screening of submicroscopic segmental genomic gains and losses. This method enables a much higher resolution assay (greater than tenfold) of genomic imbalances than conventional cytogenetic methods (4, 5) . The imbalances characterized by aCGH are called copy number variants (CNVs). A CNV is an imbalance of a genomic sequence that alters the diploid status of a particular locus in the human genome; essentially, it comprises deletions and duplications.
Currently, aCGH is indicated as a first-tier clinical diagnostic test in patients with unexplained developmental delay/intellectual disability, autism spectrum disorders, and multiple congenital anomalies (5) . It is also becoming a powerful tool in the discovery of disease genes, identification of new syndromes, and delineation of known deletion/duplication syndromes, known as genomic disorders. In the field of endocrinology, genome-wide analysis of CNVs has been evaluated as a tool to identify genetic causes in several clinical conditions, including premature ovarian failure (6) , severe early-onset obesity (7) , congenital hypothyroidism and thyroid dysgenesis (8) , ambiguous genitalia (9) , skeletal defects with growth impairment (10) , and Silver-Russell syndrome (11) . Two recent studies have demonstrated the presence of causative and possible pathogenic CNVs in short-stature children (12, 13) . However, in both studies, children were selected regardless of compromised birth weight and/or length.
In the present study, we performed aCGH in a group of 51 children born SGA with persistent short stature without a recognized cause of prenatal and postnatal growth impairment. Our results indicate that CNVs contribute to the genetic etiology of prenatal-onset short stature and reveal novel potential candidate genes and/or loci related to this condition.
Patients and methods

Patients
This study was approved by the Local Ethics Committee, and the patients and/or guardians gave their written informed consent. Candidates for aCGH were selected from a total of 137 children followed at our outpatient clinic due to prenatal-onset short stature using the following criteria: i) birth weight and/or length S.D. %K2.0; ii) persistent short stature after early infancy (height S.D. %K2.0 at the age of 4 years or above); and iii) the presence of dysmorphic features, developmental delay, and/or intellectual disability, but without criteria for the diagnosis of a recognized syndrome, including Silver-Russell syndrome (14) . The exclusion criteria for selection were as follows: i) placental and maternal known factors of intrauterine growth retardation, including placental structural or perfusional factors and maternal infections, substance use/abuse, or medical conditions and ii) known causes of short stature, including endocrinological diseases, skeletal dysplasias, hepatic diseases, systemic diseases, and established genetic diseases. All patients had normal G-banded karyotyping. A total of 51 patients, who fulfilled all inclusion criteria and no exclusion criteria, were selected for the molecular genetic study. Among these patients, 11 were investigated for demethylation of the paternal imprinting center region one on chromosome 11p15 and 14 were investigated for insulin-like growth factor 1 (IGF1) and IGF1 receptor (IGF1R) mutations (15, 16) . In all the selected patients, these molecular genetic tests proved to be normal.
Array-based comparative genomic hybridization
Genomic DNA was extracted from peripheral blood leucocytes of all patients and 28 relatives (including 14 maternal samples, 11 paternal samples, and three other first-degree relatives' samples) using standard procedures. aCGH was performed in a whole-genome customized 60K oligonucleotide platform (SurePrint G3 Human CGH Microarray Kit, 8!60K, Agilent Technologies, Inc., Santa Clara, CA, USA). The procedure was conducted according to the standard protocol of the manufacturer (17) . Briefly, all standard quality assessments were implemented during DNA sample and array preparation. Microarray scanned images were processed using the Software Feature Extraction, version 10.7.3.1 (Agilent Technologies, Inc.). The Genomic Workbench 6.9 Software (Agilent Technologies, Inc.) was applied for calling CNVs using the Aberration Detection Method 2 analysis algorithm, with a sensitivity threshold of 6.7. To consider an aberration of a genomic segment as a duplication or a deletion, the log2 ratio of cyanine 3:cyanine 5 intensities was used encompassing at least three probes. Ratios O0.3 were considered duplications, whereas ratios !K0.3 were considered deletions.
All hybridizations were gender-matched and processed in reverse-labeling duplicates, which means that all patients were evaluated twice for confirmation. CNVs not detected in both experiments were disregarded.
Copy number segment analysis
Detected CNVs O50 kb (5) were compared with CNV data from oligoarray studies documented in the Database of Genomic Variants (DGV) (18) and an independent control cohort of 400 healthy individuals with the same ethnic background, excluding common copy number polymorphisms (those with a frequency O1%). The assessment of CNV pathogenicity was made by considering the following four criteria based on previous studies: i) inheritance and familial segregation with the prenatal and postnatal growth impairment phenotype; ii) overlap with genomic coordinates for a known genomic imbalance syndrome; iii) overlap with CNVs defined in other patients, in particular, in those presenting prenatal-onset short stature reported in the Database of Chromosomal Imbalance and Phenotype in Humans using Ensembl Resources (DECIPHER) (19) ; and iv) gene content of coding genes associated with impaired developmental process and/or impaired cell growth pathways and/or growth impairment in animal models (4, 5) . According to this strategy, CNVs were categorized as pathogenic if they fulfilled all these criteria. CNVs were categorized as probably pathogenic if they fulfilled all these criteria, except the overlap with genomic coordinates for a known genomic imbalance syndrome. CNVs were categorized as probably benign mainly if they did not segregate with the prenatal and postnatal growth impairment phenotype in the patients' families. Finally, CNVs were categorized as variants of uncertain clinical significance (VUS) if they were unable to be classified in one of the three categories mentioned above (Fig. 1) .
In an attempt to establish a causal genotype-phenotype correlation and to identify genes involved in growth impairment of prenatal onset, the gene content of the variants was analyzed using bioinformatics tools for gene prioritization (20) . Gene annotation was performed using the University of California Santa Cruz Genome Browser (UCSC Genome Browser) (21) . The assessment of gene function and overlap with genomic disorders was performed using the Online Mendelian Inheritance in Man (OMIM) and the PubMed databases. The assessment of microRNA function was performed using the miRBase (22) and the miRTarBase databases (23) . A search for murine knockout phenotypes with growth impairment was carried out using the Mouse Genome Informatics (MGI) (24) . Finally, gene prioritization to identify the most 51 selected patients with prenatal-onset short stature underwent array-based comparative genomic hybridization in a whole-genome 60K platform CNV identification, according to the following criteria: 1. Inclusion of losses and gains encompassing at least three probes and above 50 kb 2. Exclusion of common CNVs by comparing with DGV studies and an independent control cohort of 400 healthy individuals
CNVs in 17 patients (33%)
Assessment of CNV pathogenicity, according to the following criteria:
1. Inheritance and familial segregation 2. Overlap with genomic coordinates for a known genomic imbalance syndrome 3. Overlap with genomic imbalances defined in other patients with prenatalonset short stature in the DECIPHER 4. Gene content CNV classification, according to the pathogenicity Pathogenic in three patients and probably pathogenic in five patients (total of eight patients -16%)
Variants of uncertain clinical significance in four patients Probably benign in five patients
Figure 1
Summary of study strategy with CNV identification and classification.
promising genes among the pool of candidates was performed using the Gene Distiller strategy (25) and the evaluation of putative links to other genes and biological pathways that have more established roles in the genetic control of growth.
Statistical analyses
The quantitative variables are expressed as meansGS.D. and were analyzed using unpaired Student's t-test or Kruskal-Wallis test, as appropriate. A P value !0.05 was considered to be statistically significant. All the statistical analyses were carried out using SigmaStat, version 3.5 (Windows, version 3.5; Systat Software, Inc., Erkrath, Germany).
Results
The cohort was characterized by a male predominance (63%). Among the patients, 34% were SGA just for length, 33% were SGA just for weight, and 33% were SGA for both weight and length. During the first evaluation, they presented a chronological age of 7.6G3. (5) . In 17 of the 51 patients screened (33%), 18 rare CNVs were identified. Nine variants were deletions (ranging from 0.17 to 15.1 Mb) and nine were duplications (ranging from 0.26 to 4.4 Mb). None of these CNVs was found in our reference set of 400 controls or was considered a copy number polymorphism in comparison with DGV studies. The aCGH of parental DNA revealed that ten patients had de novo variants, whereas four patients inherited variants from a healthy parent. Parental DNA samples were not available for analysis in three patients.
Four distinct CNVs, found in three patients, were classified as pathogenic (patients 1-3; Tables 2 and 3 and Supplementary Fig. 1 , see section on supplementary data given at the end of this article), while five distinct CNVs, found in five patients, were classified as probably pathogenic (patients 4-8; Tables 2 and 3 and Supplementary Fig. 1 ). All the identified pathogenic and probably pathogenic CNVs were de novo and gene rich. The complete list of all genes, including microRNA genes, observed in CNV regions is given in Supplementary  Table 1 . Eight of them overlap with CNVs defined in other patients with prenatal-onset short stature reported in the DECIPHER (Table 2) . Deletions found in patient 1 (22q11.21 deletion), patient 2 (10q26.3 deletion), and patient 3 (4q deletion) overlap with known deletion syndromes (26, 27, 28) . In these CNVs categorized as pathogenic or probably pathogenic, several candidate genes were identified (including one microRNA; Table 2 ). Patients born SGA with pathogenic or probably pathogenic CNVs have heterogeneous phenotypes (Table 3) , mainly presenting with nonfamilial short stature (nZ8/8), microcephaly (nZ5/8), developmental delay (nZ4/8), and body/facial asymmetry (nZ3/8).
Copy number changes found in patients 9-12 were considered VUS (Supplementary Table 2 , see section on supplementary data given at the end of this article). Parental DNA samples were not available for analysis in patients 9-11; patient 12 (a boy) inherited an X chromosome deletion from his healthy mother, indicating a possible X-linked inheritance pattern. The five remaining CNVs were classified as likely benign (patients 12-17; On comparing the copy number segments, the mean size of pathogenic and probably pathogenic variants was found to be 4.0 Mb, greater than the mean size of VUS and benign variants (0.66 Mb; PZ0.034). Similarly, the mean gene content of pathogenic and probably pathogenic variants (38 genes) was richer than the mean gene content of VUS and benign variants taken together (1.8 genes; P!0.001).
Among the 51 patients, 27 were treated with recombinant human growth hormone (rhGH, mean dose of 50 mg/kg per day), and five of them were patients carrying pathogenic or probably pathogenic CNVs. Patients born SGA with pathogenic or probably pathogenic CNVs exhibited a first-year growth response to rhGH similar to that exhibited by patients born SGA without pathogenic CNVs (Supplementary Table 3 , see section on supplementary data given at the end of this article).
Discussion
Modern research on CNVs in chromosomal segments has shown the importance of these variants as a significant source of human genetic variations accounting for disease, population diversity (29) , and variation in stature in the general population (30) . In the present study, we investigated 51 patients with prenatal-onset short stature associated with dysmorphic features and/or developmental delay, a condition of heterogeneous etiology. In eight of them (16%), rare pathogenic or probably pathogenic CNVs were detected, indicating that submicroscopic chromosomal losses and gains may be common in this population. This frequency is similar to the frequency of pathogenic CNVs found for other known conditions tested and diagnosed with genome-wide copy number analysis techniques, including developmental delay and congenital anomalies (5) .
In a recent study, underlying pathogenic CNVs have been identified in 20 of 200 patients (10%) with short stature without an apparent cause; eight of these 20 patients were born SGA (13) . In another study, genome-wide analysis of CNVs of 162 patients with short stature of unknown origin revealed at least 17 (10.4%) pathogenic variants, regarding familial segregation (12) . The heterogeneous phenotypes observed in eight patients carrying pathogenic and probably pathogenic CNVs in the present study are quite common among syndromic individuals carrying chromosomal aberrations (29) . Our results draw attention to the fact that pathogenic and probably pathogenic variants detected occurred in different chromosomal regions, which could explain the clinical variability of the SGA patients investigated in the present study. The same genetic variability was observed in the pathogenic and probably pathogenic CNVs in the two studies mentioned above (12, 13) . CNVs categorized as pathogenic or probably pathogenic in the present study fulfill some established deleterious criteria. All of them are de novo, are gene rich, are of significant size, and involve genes with functions in cell cycle, developmental process, and/or cell growth pathways (Supplementary Table 2 ) (5). Moreover, deletions found in three patients overlapped with known deletion syndromes. Therefore, aCGH allowed clinical genetic diagnosis and elucidation of the genetic basis of prenatalonset short stature in eight patients carrying pathogenic or probably pathogenic CNVs in the present study, not suspected before copy number segment analysis.
The 22q11.21 deletion found in patient 1 overlapped with the genomic coordinates of the 22q11.2 deletion syndrome (or DiGeorge syndrome; OMIM #188400). This is one of the most common genomic alterations in humans, with an estimated frequency of 1:2000-1:4000 live births and a markedly variable phenotypic expression, leading to difficult diagnosis based on clinical grounds (26) . Short stature during childhood has been described in several clinical series, with frequencies ranging from 10 to 60% and w26% of these short children being born SGA (31) . Among the 49 coding genes deleted in patient 1, 24 have functions in cell cycle, developmental process, and/or cell growth pathways. However, no specific gene included in this deletion was found to be associated with the short stature phenotype. Nevertheless, it is worth pointing out that 22q11.2 deletion was the only pathogenic CNV identified in common in the present study as well as in other recent studies of CNVs in patients with short stature of unknown origin (14, 15) .
The terminal 10q26.3 deletion found in patient 2 overlapped with the genomic coordinates of the 10q26 deletion syndrome (OMIM #609625). This is a rare contiguous gene deletion syndrome with more than 15 cases being reported (27) . They all share distinct clinical features also found in our patient, mainly short stature of prenatal onset, microcephaly, deafness, strabismus, body asymmetry, and learning difficulties. Analysis of this variant revealed glutaredoxin 3 (GLRX3, OMIM #612754) to be the main candidate gene involved in the growth impairment of prenatal onset. This gene encodes an oxidoreductase enzyme (member of the glutaredoxin family), which plays a role in cellular growth and may inhibit apoptosis (32) . Glrx3-knockout mice have been found to exhibit morphological defects with growth impairment (33) .
The interstitial 4q28.2-31.2 deletion found in patient 3 overlapped with the 4q deletion syndrome, a rare (28) . Pre-or postnatal-onset short stature has been reported in w50% of the cases, but the critical region responsible for growth impairment remains unclear. Nevertheless, in our analysis, we identified the growth factor receptor-bound protein 2-associated binding protein 1 (GAB1, OMIM #604439) to be the main candidate gene. The protein encoded by this gene plays a role in a broad range of growth factor and cytokine signaling pathways, including the insulin receptor signaling pathway (34) . GAB1 and 22 other coding genes included in the deletion found in patient three are part of the Stature Quantitative Trait Locus 12 (STQTL12, OMIM #612224), a region mapped as underlying an association with height trait based on the measurement of gene expression (35) .
In functional characterization of the 3.5 Mb deletion found in patient 4, we identified IGF2 mRNA-binding protein 2 (IGF2BP2, OMIM #608289) to be the most promising gene with a putative role in the genetic control of growth. This gene was also deleted in four other patients reported in the DECIPHER with prenatal-onset short stature and CNVs overlapping the deletion of our patient (subject identification: 1495, 256 994, 257 537, and 257 773). IGF2BP2 is a mRNA-binding protein involved in IGF2 RNA localization, stability, and translation, being necessary for embryonic growth and development (36) . Recently, the genome-wide association study Genetic Investigation of Anthropocentric Traits Consortium (GIANT) has identified the IGF2BP2 locus to affect human height (rs720390) (37) .
In bioinformatics analysis of the 20p13 deletion found in patient 5, we identified casein kinase II alpha 1 subunit isoform b (CSNK2A1, OMIM #115440) as the main candidate gene to be involved in the growth phenotype. This gene encodes the catalytic subunit of a serine/ threonine protein kinase that phosphorylates acidic proteins, regulating cellular processes, such as cell cycle progression, apoptosis, and transcription (38) . Csnk2a1-knockout mice have defects in limb development with growth impairment (39) .
The remaining variants classified as probably pathogenic in the present study (patients 6-8) are copy number gains. Until recently, the interpretation of this type of CNV was considered a challenge in the literature. However, current studies and guidelines indicate its clinical relevance (40) . In bioinformatics analysis of the duplication found in patient 6, we identified 14 genes with functions in cell cycle, developmental process, and/or cell growth pathways. Among them, the most promising gene to be involved in growth impairment appeared to be chromodomain helicase DNA-binding protein 8 (CHD8, OMIM #610528). This gene encodes a DNA helicase with functions in transcription repression by remodeling chromatin structure. It binds to b-catenin and negatively regulates the Wnt signaling pathway, which plays a role in early development and morphogenesis (41) .
In the analysis of the 4.4 Mb duplication found in patient 7, we identified three genes with loci that have recently been characterized as affecting human height by genome-wide association studies: galactosamine-6-sulfate sulfatase (GALNS, OMIM #612222, rs8052560) (37), cytosolic thiouridylase subunit 2 homolog (CTU2, rs 8052560) (37) , and spermatogenesis-associated 33 (C16ORF55 (SPATA33), rs154663) (42) . GALNS encodes a lysosomal enzyme involved in the catabolism of keratan and chondroitin sulfate, the deficiency of which leads to mucopolysaccharidosis type IVA (43) . CTU2 and SPATA33 encode proteins without a known function yet. In addition to establishing a causal genotype-phenotype correlation in our functional characterization, we found that the genomic region duplicated in patient seven is part of the STQTL22 (OMIM #613547).
The Xq13.1-13.2 duplication found in patient 8 is a rare condition and partially overlaps with duplications found in 12 other male patients reported in the literature (44) . All these patients have been described to have growth impairment. In our bioinformatics analysis, we identified microRNA 421 (MIR421) as the main candidate gene to be involved in the growth phenotype. Recently, it has been shown that miR-421 levels are inversely correlated with that of mothers against DPP homolog 4 gene (SMAD4, OMIM #600993), functioning as a negative regulator of the expression of this target gene (45) . SMAD4 encodes a protein with an essential role in the signal transduction of the bone morphogenetic pathway (BMP) and the transforming growth factor (TGF) b pathway. Also recently, heterozygous missense SMAD4 mutations have been described as the causative agents of Myhre syndrome (OMIM #139210) in patients fulfilling diagnostic criteria for the syndrome (46) . Myhre syndrome is a rare developmental disorder, and interestingly its phenotype resembles some important clinical findings of patient 8 in the present study: prenatal-onset short stature, microcephaly, facial dysmorphisms, skeletal anomalies, developmental delay, congenital heart defects, and cryptorchidism. Thus, we hypothesize that the duplication found in patient 8 could have been a gain-of-function effect of MIR421, which could have enhanced its negative regulation of SMAD4 expression, leading to a clinical picture quite similar to that of Myhre syndrome.
It is important to note that the CNVs considered as pathogenic or probably pathogenic in the present study probably represent an underestimate: CNVs present in patients and inherited from a clinically normal parent may still contribute to the abnormal phenotype. There are several well-documented cases in the literature, including the 1q21 deletions associated with TAR syndrome (47) or the 16p12 deletions associated with autism (48) and Mullerian aplasia (49) . Additionally, it is important to be aware that the aCGH technique does not detect uniparental disomy, a known cause for children being born SGA (14) .
In conclusion, in the present study, we found CNVs in distinct chromosomal regions with several candidate genes that may be involved in the mechanisms of growth regulation and/or in the regulatory pathways of intrauterine development. It is important to note that these candidate genes identified are hypotheses based on bioinformatics analyses and that further studies are necessary to clarify their involvement in growth pathways. Moreover, we found at least 16% pathogenic or probably pathogenic CNVs in a group of SGA patients with persistent short stature associated with dysmorphic features and/or developmental delay, indicating that rare CNVs are probably among the genetic causes of this condition. Our results improve the evidence of the importance of genome-wide copy number analysis as a clinical genetic test to clarify diagnoses in patients with growth impairment.
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